The spatial and temporal patterns of ocean color (i.e. chlorophyll) and sea-surface temperature (SST) fronts in the coastal zone of the northwest Atlantic were studied over a 2-year period. Chlorophyll images were derived from the Sea-viewing Wide Field-of-view-Sensor (SeaWiFS) while SST data were obtained from the Advanced Very High Resolution Radiometer (AVHRR), both flying onboard earth-observing satellites. An edge-detection algorithm was applied to each of the image sets to identify chlorophyll and thermal fronts. Persistent chlorophyll and thermal fronts co-occurred in the same vicinity of the inner/middle shelf and were spatially congruent during second (April-May-June) and third (July-August-September) quarters and least coincident during the first (January-February-March). Calculations of the frontogenesis function showed strongest frontogenic tendencies coincident with the chlorophyll and thermal fronts. A major finding of this study was the congruence of both chlorophyll and thermal fronts at a time when the coastal current jet was the most robust, strongly suggesting that it is the presence of this jet which may be a driving force in establishing these fronts.
Introduction
The occurrence of fronts in the coastal zone and their importance in biological and physical processes has been widely reported in the scientific literature (e.g. see reviews
by Bowman and Esaias, 1978; Nihoul, 1986; Sournia, 1994) . Fronts, which are ocean surface manifestations of sharp gradients in a biological, physical or chemical property, are known to frequently be associated with enhanced biological activity (e.g. LeFevre, 1986; Marra et al., 1990) ; they can also regulate mixing processes (e.g. Blanton, 1986) and the accompanying flux of energy and matter.
Recent work by Cornillon (1999, 2001 ) has focused on the temporal and spatial variability of surface thermal fronts in the coastal region of the northeastern United
States. Persistent fronts were observed during winter over the middle shelf in broad zones roughly coincident with the 50 m isobath and extending more or less continuously from Cape Hatteras to Nova Scotia. During summer, in contrast, persistent fronts were more localized, typically found in regions of rapid spatial variability of tidal mixing (i.e. tidal mixing fronts) and in regions of estuarine outflow. An example of the latter is the Long Island Sound outflow region, which is the observational site of the Front Resolving Observational Network with Telemetry (FRONT) project. Questions as to whether these inner/middle shelf fronts are locations of enhanced chlorophyll and the degree to which chlorophyll fronts co-occur with thermal fronts are not known, however, and form the foci of this paper.
Sensors onboard earth-observing satellites are the only tool which allows synoptic coverage of key biological and physical properties while at the same time retaining consistency of methodology. They are thus ideally suited to study the co-occurrence of chlorophyll D R A F T December 3, 2003, 9:31pm D R A F T and thermal fronts. In the present study we used two years of satellite data of seasurface temperature (SST), derived from the Advanced Very High Resolution Radiometer (AVHRR) onboard NOAA satellites, together with ocean color (i.e. chlorophyll concentration), recorded with NASA's Sea-viewing Wide Field-of-view-Sensor (SeaWiFS) flying on the OrbView-2 satellite. The goals of our study were to 1) determine the seasonality and variability of chlorophyll and thermal fronts, 2) determine whether chlorophyll is enhanced at thermal fronts, and 3) investigate the relationship between property fronts and kinematic frontogenic tendencies.
Methodology

Satellite Data Sets
The inner shelf waters (inshore of the 100 m isobath) south of New England are the site analyzed the data to produce SST and chlorophyll maps and to detect chlorophyll and thermal fronts. The three sub-regions, labelled 1, 2, and 3 in Figure 1 , are the main focus areas of our study. The placement of these regions (Ullman and Codiga, 2003) is based on climatological (12-year) thermal frontal probability maps (Ullman and Cornillon, 1999) and defines the position of inshore (region 1), frontal (region 2) and offshore (region 3) zones; region 2 was characterized as the main frontal zone due to the dominant presence D R A F T December 3, 2003, 9:31pm D R A F T of thermal fronts compared to regions 1 and 3. Regions 2 and 3 are identical to those of Ullman and Codiga (2003) while region 1 has been re-aligned along a north-south axis.
For the SST time-series we used both day and night images in our analyses. Details of the procedure used to detect and mask clouds in the SST imagery can be found in Ullman and Cornillon (1999) . The SeaWiFS chlorophyll time-series was processed from Version 3 data (McClain et al., 2000) provided by the SeaWiFS Project at NASA/GSFC. The SeaWiFS software processing package, SeaDAS (version 4), was used for this.
Thermal and chlorophyll fronts were identified in the respective images via a multi-image edge-detection algorithm developed by Cayula and Cornillon (1995) . This is a statistical method that utilizes a combination of window-level and pixel-level tests to detect fronts in the SST or chlorophyll image. The basic principle of the window-level test is that, within a sub-window of the image in which a front is present, the histogram of pixel values will be bimodal, with the front located at the threshold pixel value dividing the two populations. A 32×32 pixel window is used for this step, with the threshold value determined by maximizing, with respect to all possible thresholds, the fraction of the variance within the window that is explained by the segmentation into two populations.
Windows in which this fraction is greater than 0.75 and in which the mean values of the two populations are separated by at least 3 digital counts are defined as containing fronts.
A subsequent contour-following procedure is used to connect isolated frontal pixels to form frontal segments. Segments shorter than 10 pixels in length are discarded. The reader interested in further details of the edge-detection methodology is directed to Cornillon (1992, 1995) . An evaluation of the method applied to SST imagery showed that 6 STEGMANN AND ULLMAN: CHLOROPHYLL AND SEA-SURFACE TEMPERATURE FRONTS for large scale features (≥ 10 km), the front detection error rate was ∼ 15% (Ullman and Cornillon, 2000) .
The output of the edge-detection algorithm is a list, for each image, of the geographic location of all pixels that were identified as frontal pixels in that image. An example of typical thermal and chlorophyll fronts is shown in Figure 2a and c, respectively. The results are presented here, in a statistical fashion, as probability maps. These are computed on a quarterly basis, and produced by summing for each quarter the number of times each pixel was a frontal pixel and dividing by the number of times that the pixel was cloud-free during that quarter. The maps represent the probability (expressed in percent) that a front would be detected at each pixel if that pixel was cloud-free.
A total of 1,726 SST and 1,067 chlorophyll images were available for our 2-year study.
As there were more SST images per day (usually 4-5) than chlorophyll (mostly only 1 but on occasion 2 per day), each chlorophyll image was paired up with a single SST image which had the closest time-stamp to the chlorophyll one. This resulted in a total of 910 image pairs which were used for the final frontal comparisons.
Combining Surface Current and Satellite Observations
Observations of the surface velocity field in the FRONT region are available from a CODAR system that commenced operation in June 2000. Details of the FRONT CODAR operation are described in Ullman and Codiga (2003) . The spatial resolution of the CODAR surface currents is 1.5 km, which is comparable to that of the SeaWiFS and AVHRR observations. To match the temporal scales present in the satellite data, the hourly surface currents are low-pass filtered with a cutoff period of 36 hours. Examples 
where c is chlorophyll concentration, t is time, u,v are the horizontal velocities in the x,y directions, F h is the turbulent flux of chlorophyll at z = −h, and S represents a net source of chlorophyll within the layer. The analogous equation for temperature differs by the existence of a flux at the air-sea interface and a source term representing radiative heating. Differentiating (1) with respect to x and y respectively results in: The combination of CODAR surface current observations with SeaWiFS chlorophyll and AVHRR SST data provide for the evaluation, on subtidal timescales, of the convergence and shear terms in (2) and (3). We focus on the frontogenic effects of the velocity field described by these terms and ignore the turbulent flux and source terms, for which data are unavailable at present. With these terms neglected, averaging (2) and (3) over a time period T (e.g. quarterly), and writing in vector form gives:
where the total derivative has been expanded, ∇ h is the horizontal gradient operator, the overbar denotes an average, and the vector Q = Q xî + Q yĵ is composed of components:
The first term on the left-hand side of (4) represents the change in the chlorophyll gradient over the averaging period. A measure of the effectiveness of the vector Q in producing a change in the gradient magnitude can be obtained by taking its scalar product with the mean gradient vector (∇ h c) and normalizing by the magnitude of the mean gradient:
We refer to this quantity as the frontogenesis function although it differs slightly from the definition of Hoskins (1982) . For f f ront > 0 (f f ront < 0) the deformation field tends
to increase (decrease) the magnitude of the chlorophyll gradient with time. If f f ront = 0, the gradient undergoes no change in strength but its direction may rotate with time. To compute instantaneous estimates of f f ront (x, y) using (7), each SST or chlorophyll image was median filtered using a 3x3 pixel window and matched with the surface current map from the nearest hour. These instantaneous estimates were subsequently averaged over each quarter. For this analysis, we focus on observations from 2001, the only year in which concurrent velocity, SST, and chlorophyll measurements are available.
Results
Frontal Probability
Mean quarterly in region 2 (cf. Figure 3 ). In addition, the shape and location of the thermal frontal band was similar to that found for the ocean color band: during the first quarter the thermal band paralleled the coastline of Long Island and was most intense south of Montauk Point.
During the second and third quarters, in contrast, this band was closer to shore and also curved northward between Block Island and Long Island as well as curving northwestward on the eastern side of Block Island. As was the case with the chlorophyll fronts, the thermal fronts also showed the least spatial abundance during the fourth quarter.
Estimates of Frontogenic Tendency
The observation that thermal and chlorophyll fronts are more persistent in spring and summer than in fall and winter suggests that the oceanographic environment is more favorable for the formation of fronts at that time. As shown in section 2.2, there are a number of processes that may give rise to increasing gradients in the SST and/or chlorophyll fields. In this section, we examine the frontogenic effects of subtidal surface velocity gradients acting on existing property gradients, with the focus on seasonal differences in the strength of the frontogenic effect.
The frontogenesis function evaluated using (7) , 2003) . It is interesting to note that, although the high frontal probability bands extend eastward just to the south of Block Island, the computed frontogenesis function for both SST and chorophyll is weak there. It is possible that strong frontogenic tendencies exist very close to Block Island but are unresolved by the analysis because of our inability to compute spatial gradients very close to land.
Chlorophyll Concentration at Fronts
Since fronts are known to frequently be sites of enhanced biological activity, we wanted to determine if chlorophyll levels were indeed elevated at detected thermal fronts in our study area as well. To do this we compared mean (geometric) chlorophyll concentrations computed over both years at 1) pixels identified as thermal fronts and at 2) pixels identified as non-thermal fronts (i.e. pixels identified as not being associated with a thermal front) in each of the three regions (cf. Figure 1) ; results are shown in Figure 7 .
At identified thermal fronts in region 1, the mean annual cycle showed a pattern of low chlorophyll concentration during the warm-weather months (from March until September/October) and elevated levels during late autumn and winter, especially in November, January and February. Mean monthly chlorophyll concentrations ranged from 2.3 to 3.4 mg m −3 during spring-summer. The annual maximum in February was 6.8 mg m −3 , almost double the highest concentration during the spring-summer seasons. The pattern at non-thermal fronts showed some similarity to that at thermal fronts, i.e. low chlorophyll in spring and highest levels in winter (January/February). The annual maximum was approximately 5 mg m −3 and occurred in January. With the exception of February and November, chlorophyll concentrations at thermal fronts were either equal to or less than chlorophyll levels at non-thermal fronts in this region. Chlorophyll concentration
was significantly different between thermal fronts and non-thermal fronts at the 95% level for the months February, July, August, October, November and December.
In region 2, the chlorophyll cycle at both thermal fronts and non-thermal fronts was strikingly similar to each other. Furthermore, the general pattern also coincided with that observed in region 1: low chlorophyll from March until September and higher levels in late autumn/winter, in this case in October, November and January. During spring/summer, mean chlorophyll concentration at thermal fronts ranged from approx. 1.5 to 2.9 mg m −3 ;
this is almost 1 mg m −3 less than that found in region 1 during the same season. The chlorophyll maximum in this region occurred in January with 4.6 mg m −3 which is 2 mg m −3 less than the annual maximum in region 1. At non-thermal fronts, chlorophyll ranged from approx. 2-2.5 mg m −3 during the period March until September. The chlorophyll maximum was in January as well and was only slightly less than at thermal fronts (4.2 mg m −3 ). With the exception of January and April, chlorophyll concentration at thermal fronts was predominantly lower than at non-thermal fronts. This difference was significant in all months except May, June, October and November.
Chlorophyll concentration at both thermal fronts and non-thermal fronts in region 3 followed a similar yearly pattern that pretty much paralleled the one observed in region 2. During the spring/summer months, mean chlorophyll concentration at thermal fronts ranged between 1 and 2 mg m −3 which is approx. 1 mg m −3 less than in region 2.
The maximum concentration of 2.8 mg m −3 occurred in December and was almost 2 mg m −3 less than the maximum observed in region 2. At non-thermal fronts, chlorophyll levels during spring/summer were similar to values observed at thermal fronts during the same period. The annual maximum of 2.8 mg m A comparison of the annual chlorophyll cycle at thermal fronts and non-thermal fronts between the three regions showed that region 1 is characterized with the most fluctuations as well as the largest concentration difference between the spring/summer low period and the annual maximum. This was much more pronounced at thermal fronts than at nonthermal fronts but can nonetheless be found in the latter as well. Then, as one moved from region 1 to region 3, the annual cycle became much more uniform and less variant and the chlorophyll concentration decreased roughly by almost 2 mg m −3 while the chlorophyll maximum declined by about 4 mg m −3 . Clearly, the chlorophyll cycle was dampened in region 3 compared to the other 2. Of the 3 regions, region 1 is clearly the most dynamic which is probably due to its proximity to Long Island Sound outflow and effects from local physical hydrography.
Discussion
Chlorophyll Distribution Patterns
The continental shelf of the northwest Atlantic, and in particular, the southern New England coastal zone, is home to dynamic and complex biological and hydrographic processes and interactions. As the coupling between biological and physical processes can occur over a variety of time and space scales (e.g. Dickey and Williams, 2001) , it is quite likely that substantial variability will occur as well (Chang and Dickey, 2001) (Barnard et al., 1997) , and in the California Current system (Thomas et al., 1994) . Our satellite-derived chlorophyll data (cf. Figure 7) as well as vertical profiles of chlorophyll concentration (Figure 8b and d) along a transect (cf. Figure 1) also showed such an onshore-offshore gradient.
The dynamics associated with the observed chlorophyll variability in region 1 (cf. Figure 7) can be attributed to a variety of factors. In addition to increased biological activity, these nearshore waters are more shallow than the other two regions so that region 1 will be more turbid due to sediment resuspension and estuarine outflow. It will also be more cut River, it can be expected that these two sources will deliver the majority of CDOM into this region on a steady basis. Another possible but probably insignificant source of CDOM material in this region is formed as a by-product of primary production. However, discrimination between these two pools is very difficult and the level of co-variability between the two in coastal waters remains inconclusive (Blough and Del Vecchio, 2002) .
Nonetheless, it can be anticipated that the presence of CDOM will confound the chlorophyll signal estimated via satellite remote sensing (e.g. Carder et al., 1989; IOCCG, 2000) . Although it is possible that this effect could be most pronounced in the spring, the period of maximum river discharge and runoff, without any supportive measurements of CDOM, however, this estimation remains purely speculative. Complicating this issue is the fact that CDOM can undergo photochemical bleaching (Mopper and Kieber, 2002) .
But again, without any additional data, the degree of photodegradation as well as how much of an effect the presence of CDOM could have on satellite chlorophyll retrievals, cannot be accurately assessed for this study. It should be noted, however, that despite these possible caveats associated with the satellite chlorophyll estimates, a comparison between the mean monthly SeaWiFS chlorophyll values (cf. Figure 7 ) and the near-surface chlorophyll measurements made along transect (T) for two days (Figure 8 ), match-up remarkably well.
Other processes which occur with regularity in this coastal zone are the winter-spring bloom, the fall bloom, and a period between them characterized by minimum biomass concentrations. This is the classical cycle found in temperate shelf ecosystems (Cushing, 1959) and it was also captured during this 2-year study. Our results showed the winterspring maximum to occur in all 3 regions in January, followed by a rapid decline thereafter. 
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Coincidence of Fronts
The observation of a well-defined chlorophyll frontal band restricted to the second and third quarters (cf. Figure 3) shows that there is a seasonal component to the occurrence and persistence of chlorophyll fronts at our FRONT site. Using data obtained from the predecessor of SeaWiFS, the Coastal Zone Color Scanner (CZCS), Chan (1999) examined the spatial patterns of ocean color fronts along the northeast US coast. Her study, which spanned the years 1978-1986 (the entire mission lifetime of the CZCS), found the highest chlorophyll frontal probabilities within our study region to also occur during the second quarter and, to a lesser extent, during the third as well. Our results corroborate these earlier findings.
On the other hand, a persistent thermal frontal band was observed in the first quarter, in addition to the second and third quarters (cf. Figure 4) . The broader band observed during winter (Jan-Feb-Mar) at about the 50 m isobath is a common feature at this time of year and is part of a larger frontal network which extends along the entire US northeast coast Cornillon, 1999, 2001 ). The narrower but more focussed thermal band D R A F T December 3, 2003, 9:31pm D R A F T found during spring and summer is closer to the coast, just slightly inshore of the 40 m isobath, and is clearly visible in the 12-year SST climatology during the same two quarters (Ullman and Cornillon, 1999) . Both types of thermal fronts as well as the chlorophyll front occurred in region 2, which has been identified as the prime frontal zone based on 12 years of historical satellite SST data (Ullman and Cornillon, 1999) .
The presence of the broad thermal front in winter (1st quarter) at the 50 m isobath appears to be the demarcation between cooler, fresher inshore waters and warmer, saltier outer shelf waters (Ullman and Cornillon, 2001) ; it has been attributed to winter cooling processes (Ullman and Cornillon, 1999) . Persistent chlorophyll fronts at this time are lacking, although a very slight congregation of chlorophyll fronts in the general vicinity of the thermal front can be discerned during this time (cf. Figure 3 ). Chan's (1999) multi-year study also did not observe a strong winter chlorophyll front similar to the one observed for SST.
During the second and third quarters, the situation is dramatically different. Now there is co-occurrence of the chlorophyll front with the thermal front in region 2 (cf. Figures 3 and 4) . This congruence could in turn suggest a strong coupling between biology and the circulation in this region at this time. Recently, Ullman and Codiga (2003) examined the occurrence and seasonal variability of the coastal current jet that is coincident with surface thermal fronts in this region. They combined surface (HF radar) and bottom derived (ADCP) current measurements, supplemented with data from hydrographic surveys. From mean surface current maps they found this jet to be strongest in summer and practically non-existent in winter. The along-shelf component was found to be strongest from April/May to September (late spring through summer) and the cross-D R A F T December 3, 2003, 9:31pm D R A F T shelf component to be weak year-round. They attributed the decline of the jet in winter to seasonally increased upwelling-favorable winds while the maximum strength measured in summer was a result of intensified buoyancy-driven flow coupled with reduced wind stress.
Given this scenario, is it possible that the circulation associated with the increased strength of the coastal current jet in summer may also be responsible for the persistence of chlorophyll fronts observed in spring/summer? Since a well-defined chlorophyll frontal band occurred only during the second and third quarters (cf. Figure 3) , at a time when the observed along-shelf velocities of the coastal jet are the strongest (Ullman and Codiga, 2003) , this would strongly suggest that the formation and maintenance of the chlorophyll front may be directly tied to the intensification of the coastal jet during the spring/summer months. Applying this postulation to winter when there is no congruence between thermal and chlorophyll fronts and when the strong coastal jet is non-existent (or very weak), then the absence of the jet could also be the reason for the absence of a persistent chlorophyll front at this time.
Frontogenesis
The estimates of the frontogenesis function showed that the surface velocity field was indeed conducive to the formation of SST and chlorophyll fronts during spring/summer.
The question arises as to the strength of this effect; that is, how fast do the fronts form?
The median SST gradient at all fronts detected within region 2 during the second and third quarters is 0.26 • C/km. From Figure 6 , the magnitude of the SST frontogenesis function in the region of strong frontogenesis during this period is ∼ 2 × 10 −6 • C/km/s. The estimated timescales for frontogenesis are rapid relative to seasonal timescales suggesting that the thermal and chlorophyll fronts during spring and summer arise predominantly from kinematic effects of the flow field in the region. Although the estimated timescales are of the same order of magnitude, the disparity in the estimates of the frontogenic timescale from the frontogenesis function (1.5 days) and from the gradient time series (3 days) suggests that other processes are acting to oppose frontogenesis in this region. The advective term in (4) can, in principle, be computed from the available data.
However, the second derivatives of the SST fields needed for this calculation are extremely noisy and the resulting advective term is dominated by the noise. We therefore can only speculate that advective effects in (4), or gradients in vertical turbulent flux, which have been neglected in (4), act to reduce the effective frontogenesis.
Chlorophyll at Thermal Fronts
Within the main frontal zone (i.e. region 2), mean monthly chlorophyll concentrations at thermal fronts were predominantly either equal to or slightly lower than at non-thermal fronts (cf. Figure 7) . A similar trend was also evidenced in both the shoreward (region D R A F T December 3, 2003, 9:31pm D R A F T 1) and seaward regions (region 3). Despite the fact that chlorophyll and thermal fronts were most similar in spring and summer in region 2, there was no clear enhancement of phytoplankton biomass associated with these co-occurring thermal fronts. Although many studies have shown various organisms (e.g. phytoplankton, zooplankton, nekton, sea birds) to be in abundance right at fronts (see review by Sournia, 1994) , numerous other studies have shown accumulation of organisms to occur only on one side of the front.
Reports of phytoplankton biomass associated with thermal fronts found chlorophyll levels to be higher on only one side of the front rather than right at the front itself (e.g. Moll et al., 1993; Smith et al., 1987; Prézelin et al., 1987) . From these studies and others it would thus seem more appropriate to consider the frontal region as a transition zone: an area that separates higher biomass on one side from lower biomass on the other.
Studies of coastal thermal fronts have also found distinct algal communities across the frontal region. For example, very different phytoplankton species were found to dominate on either side of the front as well as within the front in the Southern California Bight Smith et al., 1987) . While the jump in chlorophyll levels from one side of the front to the other was very abrupt in that study, it was only through supplemental biomarker analyses (i.e. HPLC) that additional phytoplankton pigments were determined and the dominance of different phytoplankton species in relation to their position across the frontal zone could be quantified. Similarly, detailed floristic analyses (using microscopy) were performed in a study of several types of fronts in the Bering Sea which provided quantitative information on the composition of the plankton communities (Flint et al., 2002) . Our study as well as the climatological study of the northeast US shelf and maintenance of chlorophyll fronts or its linkage to thermal fronts merits further study.
Summary
From our two-year study of concurrent chlorophyll and thermal fronts in coastal waters south of New England, we found distinct spatial and temporal patterns of occurrence and synchronism. Strongest frontal probabilities of both chlorophyll and SST were observed in region 2 (cf. Figure 1 ), in the proximity of the 40 m isobath. Chlorophyll and thermal fronts were most congruent in the second and third quarters and least in the first.
Strongest frontogenic tendencies in both chlorophyll and SST occurred during these two quarters as well. The coincidence of strong chlorophyll and thermal fronts at a time when the coastal current jet is also very robust, strongly suggests that it is the presence of the coastal current jet which is the driving mechanism behind the establishment of persistent chlorophyll and thermal fronts. Its absence during the first quarter may also explain the low chlorophyll frontal probabilities observed at that time of year. While our study has focussed solely on the surface manifestation of both thermal and chlorophyll fronts, results from hydrographic surveys (Kirincich and Hebert, 2002) suggest that these fronts do indeed extend sub-surface on the order of 10-20 meters (Figure 8 ). This finding in turn highlights the fact that coincident chlorophyll and thermal fronts may play an important role in coastal ecosystems.
With the exception of one or two months per year, our satellite observations indicate that there is no dramatic phytoplankton biomass enhancement right at thermal fronts in any of the three regions. While this result was rather unexpected, given the initial motivation for our study (cf. literature cited in Introduction), numerous other studies
have found elevated chlorophyll levels only on one side of the thermal front and not right at the thermal front itself (cf. Discussion). These studies support our results. It is likely that it will be a combination of a pivotal physical mechanism acting in concert with the inherent characteristics of the resident phytoplankton assemblage which will determine if biomass enhancement will occur right at a thermal front or only on one side of it. Our results do not explicitly confirm this kind of a coupled biological-physical concept, but our chlorophyll distributions and the presence of the coastal current jet (Ullman and Codiga, 2003) imply compatibility with this scenario. 
